Intrinsic disorder is much more abundant in eukaryotic than in prokaryotic proteins. However, the reason behind this is unclear. It has been proposed that the disordered regions are functionally important for regulation in eukaryotes, but it has also been proposed that the difference is a result of lower selective pressure in eukaryotes. Almost all studies intrinsic disorder is predicted from the amino acid sequence of a protein. Therefore, there should exist an underlying difference in the amino acid distributions between eukaryotic and prokaryotic proteins causing the predicted difference in intrinsic disorder. To obtain a better understanding of why eukaryotic proteins contain more intrinsically disordered regions we compare proteins from complete eukaryotic and prokaryotic proteomes.
Introduction
Eukaryotic proteomes have evolved to differ significantly from prokaryotic ones to deal with the increased complexity in a eukaryotic cell. The most notable differences are that (i) eukaryotic proteins are on average longer [1] [2] [3] [4] (ii) multi-domain proteins are more abundant in eukaryotes [5] [6] [7] , (iii) multicellular eukaryotic proteomes contain more domain repeats [8] , and (iv) eukaryotic proteins have more intrinsically disordered regions [9] . Possible reasons for these differences include that eukaryotic cells have an increased need for regulation, that they contain organelles, the increased complexity of genes and genomes and a chaperone system enabling the folding of larger proteins [10] .
The increased length of eukaryotic proteins is at least partly a consequence of them containing more domains that are arranged in a modular fashion. These have evolved mainly by fusion and terminal losses or gains of amino acids are mostly order-promoting and use GC-poor codons [31] .
It has been proposed that intrinsic disorder, as well as the other features separating eukaryotic and prokaryotic proteins, is a result of low selective pressure and small effective population size [15] . The authors argue that low selective pressure in eukaryotes causes the expansion of non-coding regions in eukaryotic genomes, as there is no strong purifying selection to keep it compact. Supporting this argument is that young eukaryotic genes are on average more disordered than ancient ones [31] . However, there exist a large number of functionally important intrinsically disordered regions, see recent reviews [32, 33] . One of the functions for disordered regions in proteins is to present short linear motifs that are important for binding [16] , further post-translational modification, in particular, phosphorylation, is a fundamental mechanism in the regulation of eukaryotic cell differentiation, as well as many other processes [34] and occurs preferentially in intrinsically disordered regions [35] . The functional importance indicates that disorder is not always a consequence of lower selection pressure, but also provides essential functions.
In this study, we ask what the molecular properties that underlie the difference in intrinsic disorder between eukaryotes and prokaryotes are. First, we show that the difference in disorder largely can be contributed to that linker regions in eukaryotes are not only more abundant but also more disordered. After that, we show that the difference in disorder can largely be attributed to a difference in serine, proline, and isoleucine frequencies.
Material and Methods

Datasets
The dataset used in this study originated from the complete bacterial, archaeal and eukaryotic proteomes from UniProt [36] as of December 2017. However, the frequency of some amino acids are strongly dependent on the GC content of the genome, see Figure S1 and in both prokaryotic kingdoms there exist a significant fraction of genomes with high GC content, see Figure S2 . Differences in GC composition complicates the comparison of amino acid distributions. We examined several alternative methods to take the effect of the difference of amino acid frequencies caused by the difference in GC into account, including ANOVA test, see Table S1 , and projections into an average GC content (data not shown), with similar results. However, we do believe that the easiest way to compensate for GC is to ignore all genomes with high GC content. This removal makes it possible to compare trends both between proteomes and within protein families without compensating for a difference in GC. Therefore we excluded all genomes with a GC content of more than 60% or less than 20% from this study. The resulting set of genomes have a similar GC content in all three kingdoms (43-44% GC with a standard deviation of 8%), see Figure S2b .
This final dataset contains 26,274,724 protein sequences from 6,373 genomes. The proteomes are divided into 4,905 bacterial, 308 archaeal, and 975 eukaryotic. Here, all species from the following taxa, Mycoplasma, Spiroplasma, Ureaplasma, and Mesoplasma were ignored as they have another codon usage -which influences the expected amino acid frequencies. As differences at a proteome level can be due both to a different number of proteins of a particular type and differences within these type of proteins, we divided the complete proteomes into subgroups. We first identified the set of protein domain families from Pfam [37, 38] that are present in both bacterial and eukaryotic genomes. We retained all Pfam domains present in at least ten species from two distinct kingdoms among the annotated "full" alignments in Pfam, and where none of the kingdoms make up of more than 99.9% of all the proteins, resultingin a set of 4,165 "shared" Pfam domain families, out of these 1,764 are common to all three kingdoms.
We define "Shared proteins" as all proteins that contain at least one of these domains. Proteins that only contain the Pfam domains that are specific to a kingdom are referred to as (kingdom) specific proteins, and proteins without any Pfam domains are referred to as No Domain proteins, see Figure 1 . Figure 1 . Representation of how the proteins are divided into six subsets in this study. All the proteins from all the proteomes in the two kingdoms are first divided into three groups. The ones that only contain unique domains to one of the kingdoms, the ones without any domains and the set that contains at least one shared domain. The last set is then divided into three regions: Shared Domains, Exclusive Domains, and Linkers. Note that a protein can contain several domains of each type, e.g., it can contain more than one shared domain.
Even within one group of proteins differences might be due to an abundance of different regions or differences within regions. Therefore, we divided the proteins the proteins which shared domains into regions, see Figure 1 . The regions of each protein corresponding to any of the 4,165 Pfam domains that exist both in prokaryotes and eukaryotes are referred to as "Shared domains". All regions assigned to any other Pfam domain are "Specific domains"; and all residues that are not assigned to a Pfam domain are classified to be within a "Linker region".
The entire proteomes are thereby divided into six sets. First, the proteins are subdivided into three subgroups: kingdom specific proteins, no domain proteins and shared proteins. Next, the shared proteins are divided into three regions, shared domains, kingdom specific domains, and linker regions.
For each of these six groups, we analyzed length, disorder, amino acid frequencies, and other properties independently. Here, it should be noted that we report the average number of amino acids in a set and not the average length of each region, i.e., if a protein contains two shared domains both domains are used to calculate the 4/30 length. As shown in Figure 1 a protein can contain zero, one or multiple regions of a particular type.
The processed datasets, as well as all scripts, are available from a figshare repository [39] .
Disorder prediction
For each protein, we estimated the intrinsic disorder by using two tools: IUPred [19] and the TOP-IDP scale [20] . IUPred exploits the idea that in disordered regions, amino acid residues form less energetically favorable contacts than the ones in ordered regions. IUPred does not rely on any external information besides the amino acid sequence, and for this reason is extremely fast and suitable to predict disorder for a large dataset. We used the IUPred to predict long disordered regions. For each protein, we used the default cut-off and assigned a residue to be disordered if its IUPred value is greater than 0.5. Using the short version of IUPred gives almost identical results (data not shown), i.e., the results are robust when it comes to the choice of disorder predictor. The TOP-IDP scale [20] , assigns a disorder propensity score to each amino acid, and it is based on statistics on previously published scales. For each protein region, a TOP-IDP value is calculated as the average of the TOP-IDP values of all its residues.
Results
First, we compare the average length and disorder content for proteins in the different domains of life. The proteins are divided into three groups and three regions using Pfam, see Figure 1 . We choose to use Pfam even if sometimes the exact definitions of individual Pfam domains can be discussed [40] .
In total, the proteomes contain 26M proteins. About half (14M) of the protein belong to the group shared proteins, i.e., they contain at least one Pfam domain that exists in at least two kingdoms. Thiese proteins can, therefore, be considered to be ancient. The 4M kingdom specific proteins only contain Pfam domains that are unique to one of the three kingdoms. These proteins are most likely more recent inventions and could perform functions specific to properties unique to one of the kingdoms. Finally, we have in total 8.3M proteins without any annotated Pfam domain, most likely these are the youngest proteins, but could also incorporate fast evolving proteins. Next, we also studied the 14M proteins with a shared domain in more details by dividing these into three regions: regions with a shared Pfam domain, regions with a kingdom specific Pfam domain and linker regions.
Longer linkers make eukaryotic proteins longer.
As has been documented many times before, eukaryotic proteins are longer and more disordered than prokaryotic proteins, see Figure 2 and Tables S2-S4 . Protein with shared domains are on average longer than proteins without such domains, and proteins without domains are even shorter, see Figure 2 . However, in all three groups of proteins, the Eukaryotic proteins are longer. It has been proposed that multi-domain proteins are almost twice as frequent in eukaryotes [4] . However, this cannot be the only explanation of the difference in length as even proteins without any assigned domains are longer in eukaryotes.
It would be possible that the linker regions contain conserved domains not present in Pfam. Although it is certain that some domains are not yet present in Pfam and that some distant members of a domain family can be missed we do not believe this to be a significant difference between eukaryotes and prokaryotes when Pfam is based on thousands of complete genomes from all kingdoms of life. Therefore, our earlier explanation (more multi-domain proteins in eukaryotes) to the length difference is quite likely to be incorrect [4] . This proposal can be contributed to the fact that we in that earlier study assumed that long linker regions contained unassigned domains, which is likely not always the case.
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All pro tei ns To understand the origin of the difference in length we choose to study the proteins that contain a Pfam domain that exist in two kingdoms in more detail. Among the 14 million proteins with shared domains the average length of eukaryotic proteins is 536 residues vs. 361 for bacterial protein and 337 for archaeal proteins, see Figure 2 and Tables S2-S4. The number of residues in the shared domains is roughly equal in the three kingdoms, 218 to 233 residues. The average number of residues assigned to kingdom-specific domains is 27 in bacteria, 19 in archaea, and 49 in eukaryotes, i.e., the absolute number of residues assigned to these unique domains do only marginally contribute to the difference in average lengths, see Figure 3 . The number of residues in linker regions, 258 in eukaryotes vs. 113 residues in bacteria and 106 in archaea, thus cause > 80% of the length difference. In eukaryotes, 48% of all residues are assigned to linkers, while in prokaryotes only 31%.
Linkers can be located at one of the termini or between two domains. In all three kingdoms, roughly 40% (35-43%) of the linker residues are located at each of the termini, and fewer residues (from 18% in archaea to 27% in eukaryotes) are located between domains (central). Linkers at all locations are on average more than twice as long in eukaryotes than in prokaryotes. 
Eukaryotic linkers are more disordered
Eukaryotic proteins are more disordered than prokaryotic ones, see Figure 2b and c. In agreement with earlier studies [15, [41] [42] [43] 5% of the residues in prokaryotes are predicted to be disordered compared with 23% in eukaryotes. The increase in disorder is independent of the type of protein, but proteins that are specific to eukaryotes are more disordered than the ones that contain a shared domain. Eukaryotic proteins without any Pfam domains are most disordered with 31% disordered residues, supporting earlier observations that young proteins are more disordered than old ones, at least in some eukaryotes [31] . The shared domains contain least disordered residues in all kingdoms (fewer than 5%), see Figure 3 . The kingdom specific domains are more disordered than shared domains in eukaryotes (9%) but not among the prokaryotes. In all three kingdoms, the linker regions are the most disordered regions, as reported before [17] . However, the major difference is that eukaryotic linker regions are more disordered than prokaryotic linkers, 27% vs. 5-8%. Independent on location the eukaryotic linkers are more disordered, see Table S2 -S4. The difference in disorder can therefore not only be contributed to that linker regions are more abundant in eukaryotic proteins, but these regions are also more disordered in eukaryotes.
Eukaryotic proteins have 100 disordered residues and prokaryotic 15.
On average eukaryotic proteins are roughly 450 residues long and contain about 23% disordered residues, while prokaryotic proteins are 300 residues long and contain 5% disorder residues. This results in that on average a eukaryotic protein contains roughly 100 disordered residues, while in average prokaryotic protein only have 15 disordered residues, see Figure 4 . Proteins with eukaryotic specific domains contain more disordered residues (139) than the ones with shared domains (83) although they are shorter. The group of proteins without domains have the highest fraction of intrinsically disordered residues but is the shortest group; therefore the number of disordered residues is similar to the average (104 vs. 101). All types of prokaryotic proteins contain roughly the same number of disordered residues (13 to 15).
In summary, eukaryotic proteins are 150 residues longer than prokaryotic proteins. This difference is mainly due to more abundant linker regions, both at the termini and in between domains. The linker regions in eukaryotes are more disordered than prokaryotic linker regions. A typical eukaryotic protein contains 100 disordered residues and 90 of these residues are located in linker regions, see Table S2 . In contrast, a bacterial protein contains on average 15 disordered residues, and 9 of these are located in linker regions, see Table S3 .
AA frequencies in eukaryotic linkers are unique.
Above we show that eukaryotic proteins are more disordered due to that their linker regions are both longer and more disordered. The difference in (predicted) intrinsic disorder is primarily due to differences in amino acid frequencies. Therefore next, we studied the difference in amino acid frequencies between linker regions in eukaryotes and prokaryotes. For comparison, we compared differences between the shared domains. The different regions can be clustered using the similarity in amino acid frequency, see Figure 5 . Here, it is clear that eukaryotic linker region is an outlier, clearly separated from all other regions. Next, it can also be observed that all regions in archaea cluster together, while the remaining eukaryotic domains and bacterial regions form a third cluster. Figure 5 highlights that eukaryotic linker regions has evolved to become quite distinct from all other regions and might indicate that there exist specific selective preferences acting on these linkers.
In Figure 6 and Table 1 it can be seen that: (a) the difference between linker regions is higher than between shared domains (0.9% vs. 0.5% on average), confirming the clustering in Figure 5 and (b) that there exist three amino acids (isoleucine, serine and proline) whose frequencies differ by more than 1.5% between eukaryotic linkers and linkers in both prokaryotes. Also, there is one amino acid (glutamine) where the frequency in archaeal linkers is more than 1.5% lower in archaeal than in eukaryotic linkers. However, the frequency of glutamine in bacterial linkers is similar to the frequency in eukaryotic linkers. Therefore, it seems as if there is some specific reason for the low glutamine frequency in archaea. As confirmed by the ANOVA test these three amino acids are the most significant differences between the eukaryotic and bacterial linkers, see Table S1 . Figure 6 . Amino acid frequency between eukaryotes and prokaryotes for linker regions From Figure 6 it is clear that in hydrophobic residues are less frequent in eukaryotic linkers, while some disorder-promoting (polar) residues are increased and some decreased. The two disorder-promoting residues, lysine, and glutamic acid, are less frequent in eukaryotic linkers and glutamine is equally frequent in eukaryotic an bacterial linkers. In contrast, as highlighted above, proline and serine are more frequent in the eukaryotic linkers.
Within the shared domains the differences in amino acid frequencies are in general smaller, and there is no systematic decrease of hydrophobic amino acids in eukaryotic proteins. It can be noted that the three amino acids with most substantial differences in frequency (isoleucine, serine, and proline) are shifted in the same direction both in domains and in linkers but that the differences are smaller within the domains, possibly indicating the existing of to some system-wide preferential difference of these amino acids in the different kingdoms.
Further, from the clustering of amino acids in Figure 5 it can be seen that that amino acids can be divided into three groups. The first group (RSPQTWCH) is enriched in eukaryotic proteins. These amino acids are mainly polar. one subgroup (RSPQT) is most abundant in eukaryotic linkers, see Table 1 , while the rest (WCH) are more abundant in eukaryotic domains.
The second cluster (VGYIAFL) consist of mainly hydrophobic amino acids. These are all rare in all linkers, but in particular in eukaryotic linkers, and one subcluster (VGYI) is enriched in archaea and the other (AFL) in bacteria.
The third cluster contains the remaining polar amino acids (KEND). Lysine and glutamine are enhanced primarily in the prokaryotic linker regions, but also in the archaeal domains, while asparagine and aspartic acid are evenly distributed in all regions.
In summary, it does not appear to be as simple as that disorder is increased in eukaryotic linkers. Instead, there are mainly three amino acids whose frequencies differ between eukaryotic and prokaryotic linkers. These amino acids (isoleucine, serine, and proline) contribute to an increased disorder in eukaryotic linkers. If these three amino acids are ignored there is no difference in disorder propensity, see Figure S3 Taken all this into account it is not clear if the increased disorder is primarily a consequence of changes in amino acids frequencies, or if the increased disorder drives the difference in amino acid frequencies, a classic chicken and egg problem.
The difference in amino acid frequencies is widespread.
Next, we studied the frequency of individual amino acids in different phyla, see Figure 7 and S4. Serine is increased in the linkers of all eukaryotic phyla. For proline and isoleucine, the trend seems to be consistent, but the frequency differences are not observed in alveolata, and there exist a few bacterial phyla (Chloroflexi, Planctomycete, Actinobacteria, and Acidobacteria) that have frequencies similar to the what is observed in eukaryotes. These are all phyla with high GC content, see Figure S5 . The codons for proline are enriched in GC while the isoleucine codons are GC poor. Therefore, the genomic GC levels could explain the frequencies in these phyla. It could be considered that the average GC content also could explain the observations in Alveolata, which has a low GC content, but the GC content in Metazoa and Viridiaeplanta are similar to Alveolate, see Figure S5 , and they have typical eukaryotic amino acid frequencies. Therefore, we do believe that there is some other unknown explanation why proline frequencies are low, and isoleucine frequencies are high in Alveolata. That fact that the serine frequency is increased in all eukaryotic phyla indicates that the differences are most likely an acient feature. Further supporting this, we examined the amount of serine in the complete proteome, i.e., not only linkers, in the prokaryotic phylum that has been proposed to bridge the gap between prokaryotes and eukaryotes [44] : the archaea Lokiarchaeota contain 6.4% serine, while one of the most primitive eukaryotes, Giardia lamblia contains 9.2% serine, indicating that the increase of serine is something that occurred early after LUCA [45] and has been maintained in all eukaryotic lineages ever since. Proline and isoleucine frequencies also support the old ancestry as the eukaryotes Giardia lamblia contain typical eukaryotic levels of proline (4.7%) and isoleucine (5.7%), while the archaea Lokiarchaeota contains less proline (3.5%) and more isoleucine (10.2%).
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Frequency differs in most protein families.
Eukaryotic proteomes are in general larger than prokaryotic proteomes; this is partly due to an expansion of protein families. For functional reasons, different protein families also have different amino acid distributions. Therefore, it is possible that the differences in the amino acid frequency that we observe when studying an entire proteome are due to the different frequencies of families with different amino acid distributions. Therefore, we examined the amino acid frequency of all shared Pfam domains. The reason to study domains and not the linkers is that the linkers are difficult to align and differs significantly in length, while the domains are of similar length and already aligned in Pfam.
In Figure 8 the differences between the amino acid frequencies in the prokaryotic domains are compared with the amino acid frequencies in the corresponding eukaryotic domains. Only Pfam families with at least 100 members in a bacteria and eukaryotes are included to avoid statistical outliers (archaea was ignored in this filtering). In most families the trends from the linkers are conserved; In 84% of the families, the eukaryotic members have more serine, in 80% fewer isoleucine and in 70% more proline. We tried to identify any trends among the families with high or low frequencies, both by examining individual families and by mapping onto GO-terms using GO-slim. The tool pfam2go [46] was used to obtain GO terms [47, 48] for each family. The GO terms were then mapped to the GOslim generic category. The GO terms with largest differences in amino acid frequency are listed in Tables S7-? ?. To the best of our ability, we cannot identify any particular subset of proteins where the difference in frequency significantly differs from the general picture. Another difference between eukaryotes and prokaryotes is that eukaryotic cells have different organelles. The amino acid content of proteins in different organelles differs; therefore it would not be implausible that the different amino acid frequencies could be affected by the compartmentalization of the eukaryotic cell. However, in all membrane and non-membrane parts of all organelles the frequencies of serine and proline are higher in eukaryotes than in prokaryotes, see Table S5 , and in all, except three (vacuole plus mitochondrial and plastid membrane) organelles the isoleucine frequency is lower in eukaryotes.
Some bacteria in the Planctomycetes, Verrucomicrobiae, and Chlamydiae bacterial superphylum have quite complex membranes possibly indicating primitive organelles [49] . However, all these phyla have levels of these amino acids for bacteria, see Figure 7 , i.e., the compartmentalization of the eukaryotic cell does not seem to explain the differences in frequencies.
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Serine is enriched in disorder regions.
Next, we studied if the difference in amino frequency in different structural regions of a protein. For this, we used the shared domains again, as the structural information of the linkers is very limited. We only used the Pfam families where there was at least one structure available in PDB and assumed that the secondary structure was conserved within the Pfam family.
Using the secondary structure annotation, available from Pfam, we then assigned each protein into four categories, Helix, Sheet or Coil given the most frequent annotation among all structures in that column in the Pfam multiple sequence alignment. Positions that were unassigned, i.e., corresponding to the parts of the Pfam domains that are not present in any PDB structure, we do refer to as disordered. There might be many other reasons why the region is not present in the PDB, but this definition is related to the missing residues, which has been used for training many disorder predictors. As expected the serine and proline frequency is highest in loops and disordered regions, while isoleucine frequency is lowest in these regions, see Figure 9 .
The difference in amino acid frequency between the kingdoms exist in all secondary structures, but the increase of serine is largest in disordered regions where it is close to 2% higher in eukaryotes than in prokaryotes.
Discussion
Above we note that eukaryotic linkers are longer and more disordered than prokaryotic linkers regions. We further showed that this is primarily due to a shift in the frequency of three amino acids, serine and proline are more frequent in eukaryotic linkers while isoleucine is less frequent. Here, we will speculate about possible explanations for these differences.
Lower selective pressure in eukaryotic linkers. Functional selection is typically considered to be the dominant force shaping proteome evolution, but it cannot be excluded that secondary effects such as the cost of producing an amino acid or codon preferences also affect the general trend of amino acid frequencies [50] .
The population size of eukaryotes is in general smaller than for prokaryotes causing a lower selective pressure. Further, the amount of intrinsic disorder is lower than expected by chance in both eukaryotes and prokaryotes [31] . Therefore it is possible that the lower selective pressure could explain why eukaryotes contain more disordered residues [15] . The basis of this argument is that the majority of the disordered residues are unfavorable, at least in prokaryotes, and therefore a selective pressure act against them. However, this is not the case, such as arginine, some disorder-promoting residues are less frequent than expected by chance, while others, including lysine, are more frequent, see figure S6 .
However, we show that the difference in disorder is mainly due to the differences of frequencies of only three amino acids and is unique to the linker regions, indicating that the simple explanation of a lower selective pressure cannot be the full story. Further, in at least in some eukaryotic proteins it has been shown that disorder has a clear functional role [32, 33] , leading to the question: what phenotypic aspects of eukaryotic linker regions explain the enrichment of serine and proline and the decrease of isoleucine.
In bacteria, it has been proposed that one reason to reduce the frequency of an amino acid is the energetic cost to produce it [51] . Serine is among the least costly amino acids to make both aerobically and anaerobically [51, 52] , see Table S6 . Proline is also cheaper than most amino acids to make, while isoleucine is among the most expensive ones. Therefore, the cost of producing the amino acids could not explain the differences in frequency.
Serine is a target for kinases
One possible reason for the higher fraction of serine in eukaryotic organisms is that serine, together with threonine, are targets for ser/thr kinases [53] . Phosphorylation of serine and threonine is one the critical regulatory pathways in eukaryotes, but also present in archaea [54] . It is also established that phosphorylation frequently occurs in intrinsically disordered sites [55] .
Phosphorylation can occur at three amino acids, in addition to serine, threonine, and tyrosine. Threonine and tyrosine frequencies show no increase in eukaryotic linker regions, see Figure S4 . If phosphorylation by kinases is 14/30 the primary reason for the serine frequency difference between eukaryotes and prokaryotes one can wonder why only serine frequency is increased. However, it might be due to that about 75% of the known targets for kinases are serine [56] . However, it might also be related to the fact that serine is disorder-promoting while threonine and tyrosine are not.
Ser/thr kinases are prevalent in eukaryotes, but also exist in bacteria such as planctomycetes [57] . In the only fully sequenced genome of this phylum (Planctomycetes bacterium GWA2 40 7 ) there are only 6.1% serine. Further, the major family of ser/thr kinases, Pfam family Stk19 (PF10494), only exists in eukaryotes and in Halanaerobiales. In the 2783 Halanaerobiales sequences in UniProt [36] there is 5.8% serine, typical of a prokaryote.
It can be seen that serine and proline are less frequent than expected in prokaryotic linkers, see figure 10 , indicating a selective pressure to reduce the amount of serine. The exact reason for this is unknown, but it has been reported that high serine levels are toxic [58] .
Proline
In addition to being enriched in loops, proline is often unique to repeat proteins [59] , and in particular, PPP and PPG repeats are more common in multicellular organisms [60] . Proline repeats are also often found in disordered regions that are important for binding in eukaryotic specific proteins such as P53 [61] . Proline is also a common amino acid in linker regions connecting domains [62] . As both repeats and multi-domain proteins are more frequent in eukaryotes, all these factors might contribute to the increase of proline in eukaryotic linkers.
Isoleucine
Prokaryotes (but not eukaryotes), use a specific purine-rich sequence on the 5' side to distinguish initiator AUGs from internal ones. The codons for isoleucine contains four adenosine (out of nine nucleotides), this could potentially contribute to the higher fraction of isoleucine in prokaryotes. However, as the differences between eukaryotes and prokaryotes also exist in C-terminal regions this can not be the only explanation for the difference, i.e., it is not apparent why isoleucine and not other hydrophobic residues are underrepresented in eukaryotic linkers.
Conclusion
Here, we show that eukaryotic proteins are more disordered than prokaryotic proteins because they have more extended linker regions and that these linker regions are more disordered. Further, the difference in disorder content of these regions does not origin from a general increase of disorder-promoting residues; instead, it is a consequence of systematic shifts in the frequency of only three amino acids, serine, proline, and isoleucine. Serine and proline are more frequent in eukaryotic linkers than in prokaryotic once, while isoleucine is less frequent. These differences hold over all phyla and the clear majority of protein families. For serine, in particular, the difference can even be seen in all regions of proteins but is most pronounced in disordered regions. Are these shifts in amino acids frequencies primarily a consequence of increased intrinsic disorder in eukaryotic linkers or the reason behind this increase ? However, the observation that not all disorder-promoting amino acids are increased in eukaryotic proteins makes it clear that earlier explanations of the increased disorder in eukaryotic proteins is simplified. Table S4 . Summary of features for the different sets of proteins and protein regions in Archaea Table S7 . GO terms that differ with isoleoucine frequency differs with more than 1.5% betwen eukaryotes and bacteria. NumSeq is the minimum number of sequences in a Pfam family, numpFAM is that number of Pfam families with this GO term. The Fraction of families with decreased eukaryotic frequency: 77.9% NumSeq GO aa bac freq euk freq numPFAM dif 1436 GO:0051604 P 3.8% 2.2% 2.0 -1.6% Table S8 . GO terms that differ with proline frequency differs with more than 1.5% betwen eukaryotes and bacteria. NumSeq is the minimum number of sequences in a Pfam family, numpFAM is that number of Pfam families with this GO term. The Fraction of families with increased eukaryotic frequency: 80. Table S9 . GO terms that differ with serine frequency differs with more than 1.5% betwen eukaryotes and bacteria. NumSeq is the minimum number of sequences in a Pfam family, numpFAM is that number of Pfam families with this GO term. The Fraction of families with increased eukaryotic frequency: 86. Figure S3 . Difference in disorder propensity contributed by differences in amino acid frequency between linkers in the three kingdoms 
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